The aim of this paper is to present and to compare some linear and non-linear control laws for an electropneumatic positioning system both for point-to-point control and for tracking control. The experimental results are presented in terms of repeatability for each control law implemented on the same device: an in-line electropneumatic servo-drive. Different kinds of model, namely a non-linear affine model, linearized tangent model and a reduced linearized tangent model, are presented to synthesize the different control laws. For this a new mathematical modelling of the servo-distributor flow stage is described.
up upstream Superscript Therefore a comparison between them is presented with appropriate benchmarking. All the tests have been care equilibrium ried out with the same pneumatic, electronic and computing system, this is very important to prove what kind of control law should be chosen for a certain aim. Abbreviations ADC analogue-to-digital conversion DAC digital-to-analogue conversion 2 DESCRIPTION OF THE RACK conditioning signal ELECTROPNEUMATIC SYSTEM
The system under consideration (Fig. 1) is an in-line 1 INTRODUCTION electropneumatic servo-drive, using a simple rod (32/20 mm) double-acting linear pneumatic cylinder Because of low cost, clean working environments and with a stroke of 500 mm. Two three-way proportionease of power transfer and good performance, pneumatic al Servotronic servo-distributors (Asco-Joucomatic systems play an important role in industrial processes.
Company) modulate the mass flowrates into the cylinder During the last 20 years, the parallel development of chambers. They consist of a spool sliding in a sleeve, pneumatic systems and control theory has lead to the actuated directly by a proportional solenoid acting implementation of modern control laws in pneumatic against a spring. A state feedback position control of devices [1] .
the spool is used in order to decrease the effects of The first control laws in fluid power concerned classihysteresis and to increase the bandwidth of the servocal state feedback and were proposed by Shearer [2] and distributor. For modelling, the two servo-distributors Burrows [3] . The manufacturers of the first electroare considered as identical. The rod of the actuator is pneumatic positioning systems such as Martonair [4] connected to one side of the carriage and drives an and GAS initially adopted it. Since then new sophistiinertial load on guide rails. The total mass (piston, cated algorithms have been applied to electropneumatic rod and carriage) is 17 kg. systems: adaptive [5, 6 ] , sliding mode control [7] [8] [9] , A pressure sensor is implemented on each cylinder H 2 [10] , fuzzy control [11] , neural control [12] , etc. chamber. The position is given by an external poten-Nevertheless there are not many products present on tiometer; the velocity is obtained by analogue derivation. the market. A possible reason may be that there are very
The measurements are downloaded via the wellfew research papers comparing clearly the classical linear known DS1102 card of dSPACE GmbH, including a control law with sophisticated non-linear laws using the processor TMS320C30 with two 16-bit and two 12-bit same equipment. This article shows the improvement analogue-to-digital (A/D) converters after analogue obtained with two non-linear control laws in pneumatic filtration. The control law is sent to the two servocylinder position control, for point-to-point and tracking distributors via two 12-bit digital-to-analogue (D/A) operations.
converters. The value of the sampling period is 4 ms. After a description of the physical electropneumatic A more detailed description and the main characteristics system on which the different control laws have been of the system can be found in the PRC/GDR reports implemented, a mathematical model of the process is [13, 14]. described. This means knowing the non-linearities due to the compressibility of air, the frictional force on the moving parts, the air mass flowrate through the servo-3 ELECTROPNEUMATIC SYSTEM MODELLING distributor, the pressure evolution in a chamber, etc. A tangent linearized model is presented and a new type of 3.1 Physical model approximation for the servo-distributor mass flowrate leads to a non-linear affine model used to synthesize a 3.1.1 Servo-distributor model non-linear control law.
All these control laws are worked out in continuous Our research team in collaboration with the Asco-Joucomatic Company [15] has developed the time because the natural frequency of the electropneumatic system under study is very small in comparison Servotronic servo-distributor. So the main physical characteristics of this servo-distributor are well known with the sampling frequency used with digital signal processing (in a ratio of 100). and a good model for simulation has been established from many measurements and estimations of the differ-Attempts will be made to answer the following question: 'What improvements could the complex control ent physical parameters [16 ] . The two servo-distributors are assumed to be identical. laws bring in electropneumatic fields?' For this, experimental results are presented in terms of repeatability:
If the transitional mass flowrates are assumed to be negligible at each instant during the spool displacement, standard deviation, mean value, maximum error, etc. the output mass flowrate of the servo-distributor for a spool position is the same as that obtained in steady state for the same spool position and the same pressure conditions. So the servo-distributor model can be divided into two parts. The first part corresponds to the positioning dynamics of the spool and depends mainly on the electromechanical system and the second part corresponds to the flow stage model obtained in the steady state.
The spool position is controlled by a local state feedback using the position, velocity and acceleration, with a little integral action. One of the advantages of this position control is the negligible hysteresis between the spool position and the input voltage.
Fig. 2 Wheatstone half-bridge representation
In the present case, the bandwidth of the Servotronic servo-distributors and the actuator are about 170 Hz and 2.4 Hz respectively. Using the singular perturbation Sesmat [15] made a complete study of the Servotronic servo-distributor where all circuits of fluid flow and their theory, Bouhal [17] has shown that the faster dynamic can be neglected in the control model. The servo-influence on the flow stage characteristics are shown. This means that the Wheatstone half-bridge represen-distributor is then reduced to the static mass flow stage model. tation of Fig. 2 is too simplified because all circuits of fluid flow are not taken into account (especially the leak- Figure 2 shows the classical symbolic representation of the flow stage of a 3/2-way servo-distributor. This age circuit). Therefore in the following, a static flow stage math-figure shows the two restriction areas A S and A E whose sections vary with the spool position and therefore with ematical model issued from the global characterization is presented. This global or half-bridge characterization the control. In order to establish a mathematical model of such power modulator flow stages, many works in the corresponds to the measurement of the output mass flowrate q m according to the input control u and the literature present approximations from the use of the physical laws with the modelling of the geometric vari-output pressure p. The global characterization has the advantage of obtaining simply, by projection of the characteristics series q m (u, p) ( Fig. 3 ) on the different planes, the following:
(a) mass flowrate characteristics series ('pressure-mass flowrate' plane) ( Fig. 4 ); (b) mass flowrate gain characteristics series ('input control-mass flowrate' plane) ( Fig. 5 ); (c) pressure gain characteristics series ('input controlpressure' plane) ( Fig. 6 ).
For large values of the control input, the mass flowrate characteristics curves look like the classical mass flowrate characteristics of a compressible fluid in a turbulent regime through a convergent nozzle. This characteristic is given by the physical laws [21] and can be characterized using the approximation from the ISO 6358 standard [22] . The mass flowrate law in each restriction has the following form from the physical laws:
The mass flowrate coefficient C q is generally used as being only dependent on the pressure and the type of the restriction geometry. C m is the mass flowrate parameter depending on the pressure ratio according to the following expressions: in the subsonic regime Figure 4 shows clearly the non-linear character of the with mass flowrate according to pressure.
The mass flowrate gain characteristics give an idea of the variation in the restriction sections that occur during V P (0)=V DP +S P stroke 2 the fluid flow according to the control input u. Figure 5 shows clearly the non-linear character of these for small
The pressure gain characteristic is used to determine the equilibrium points of the global system in static V P (0) and V N (0) are the volumes of the chambers for the zero position and V DX are the dead volumes present at regime for a given mass flowrate, generally equal to zero. This characteristic is thereby very important because it each extremity of the cylinder. The dynamic evolution of each pressure in the two cylinder chambers P and N is affects the steady state error.
The results of this global characterization can be intro-given by the two first-order differential equations of this system. The mass flowrate leakage between the two cham-duced in simulation programs either in a table form or in a multi-variable polynomial form [23] .
bers is classically neglected in the case of an in-line pneumatic cylinder. The last modelling assumption (polytropic process) leads to an algebraic equation between the press-3.1.2 Actuator model ure and the temperature of each chamber. The supply and The actuator model can be obtained using two physical exhaust pressures are assumed to be constant in experlaws: the first giving the pressure dynamics in a chamber imental conditions. The last two equations of system (4) with variable volume and the second being the fundacome from the application of the main principle of classic mental mechanics relation.
mechanics to the mechanical part in movement. The pressure evolution law in a chamber with a variable volume is obtained with the following assumptions [24, 25]:
3.2 Model for the control 1. The air is a perfect gas and its kinetic energy is 3.2.1 Additional assumptions negligible in the chamber. 2. The pressure and the temperature are homogeneous The previous physical model of the electropneumatic in each chamber.
system cannot be used to synthesize control laws without 3. The process is polytropic characterized by coefficany additional assumptions. The first assumption conient k.
cerns the temperature variation with respect to its average value. This variation is generally negligible; therefore The model of the cylinder and load assembly is given the temperature in each chamber may be considered by the following system of equations: equal to the supply temperature. Then T P =T N =T S . In the control model, the different frictions (except for dp
the viscous friction), must be neglected because they depend on the velocity and also on the experimental conditions such as the temperature, the atmospheric
pressure and the time of the experiment. Therefore it is difficult to identify them before all the tests and to be sure that they are going to keep constant values dp N dt
during the tests [26 ] . Furthermore, only one control is used with opposite signs on the two servo-distributors
Consequently, these assumptions lead finally to a I05998 © IMechE 1999 Proc Instn Mech Engrs Vol 213 Part I fourth-order control model written in the form dp
Non-linear affine model
For the non-linear control synthesis, the model must be a linear function of the control input; this is called affine in the control [27] . For this, the equation system (5) Moreover in our case, a second criterion is fixed a posshows that the control input variable which is the control teriori; it corresponds to the error in the pressure gain input voltage of the power modulator appears in a noncharacteristic obtained for a zero mass flowrate. linear manner. A new control law variable is chosen and Figures 7, 8 and 9 present the results where Q( p), a method to obtain this linearity from the global charac-Y( p, sgn[C(u)]) and C(u) have polynomial degrees equal terization described in the modelling part of this paper to five, five and two respectively. The mass flowrate is proposed.
errors obtained with this approximation are more A polynomial multi-variable approximation will be important for the output pressure near the supply and made with a least-squares algorithm. The choice of the atmospheric pressures. These results could be improved expression for the mass flowrate is based essentially on by increasing the polynomial degree of Y( p, sgn[C(u)]) equations (1), (2) and (3) [23] to which is added a funcor by giving more importance to some measured points. tion allowing the mass flowrate leakage to be taken into
The normal working pressures rarely reach these limiting account. The expression is as follows:
pressures; therefore the results obtained can be judged
to be satisfactory. As a comparison, the pressure gain characteristics for C(u) is a function whose evolution is similar to the a zero mass flowrate value obtained with the global evolution of the equivalent section restriction that method (6) and the local method [20] are compared with crosses the fluid as a function of the spool position.
the experimental characteristics in Fig. 10 . The non-C(u) will therefore be deduced from the mass flowlinear method that is affine in the control and obtained rate gain characteristics series. Q( p) is a function whose from the global characterization gives a better result than evolution corresponds to the mass flowrate leakage. Y( p, sgn[C(u)]) is a function whose evolution is similar to that described by the mass flowrate laws (1) . It is a function of the input control sign because the functions are different for the inlet [C(u)>0] and for the exhaust [C(u)<0]. The form of the mass flowrate characteristics ( Fig. 4 ) justifies this approximation by two distinct functions, one defined for u>0 and the other for u<0.
These functions must have bijectivity properties and C(u) is defined as follows: C(u)=−C(−u) and C(0)= 0. This last property is justified by the fact that the input control of the electropneumatic actuator is a single input, i.e. the two servo-distributors have the same control input signal but of opposite signs.
As the number of points acquired during the characterization is sufficient and their density greater in the non-linear zones, weighting coefficients are not used with the algorithm. The quality of the approximation is given The last three equations can be solved graphically as with the local method. Note that, from this polynomial shown in Fig. 11 to obtain the three unknown variables form (6), the linearized tangent model and the equilibpe P , pe N and ue [28] . This figure shows the experimental rium points may be easily obtained.
pressure gain characteristic and the pressure force gain Finally, the non-linear control model that is affine in characteristic (S P p P −S N p N )u deduced from it, both for the control is written as a zero mass flowrate. These curves are obtained from the servo-distributor static characteristics ( Fig. 3 ). They dp
are monotonic and strictly increasing; therefore for any equilibrium position value and for a given external force
Consequently, the dimension of the equilibrium set is the same as the number of inputs of the system, which − krT
is a necessary condition to prove that the tangent linearized model is a controllable system. The tangent linearized model has the form dv dt
Equilibrium set and tangent linearization
For a single input non-linear model of the form ẋ = f (x, u), the equilibrium set is defined by ẋ = f (xe, ue)= 0. So in our case the equilibrium set {ye, ve, pe P , pe N , ue} is deduced from system (5):
with variation near the equilibrium set 
The damping coefficient is
The time constants te P and te N are given by
and
The open-loop pulsation is
17) deduced from the servo-distributor static characteristics in Fig. 3 .
Reduced tangent linearized model 4 POINT-TO-POINT CONTROL
In the pneumatic field, the conventional position control law consists of position, velocity and acceleration feed-4.1 Fixed and scheduling gain control laws backs. Using the acceleration feedback instead of the pressure feedbacks or the differential pressure feedback
The reduced third-order model (13) obtained by linearizcan be justified by the fact that an external perturbation ation around an equilibrium state is used in this section force quickly influences acceleration.
to synthesize a state feedback law for point-to-point pos-To obtain a third-order model with position, velocity ition control. In industrial processes, two objectives have and acceleration state variables, Kellal et al.
[29] proto be respected: good dynamic behaviour and a miniposed to replace each time constant of each chamber by mum steady state error without overshooting. These crian average time constant te m (geometric mean). Then the teria must be true for every desired position and for third-order model is different displacement amplitudes. The results are presented in this paper in terms of repeatability, in order to limit the influence of stochastic perturbation such as dry d With these fixed gains, the behaviours of the system should be different at the extremities of the stroke. u=ue+K
However, for electropneumatic systems this is not true The state feedback coefficients are obtained by fixing a for two reasons shown in Fig. 13 . Firstly this figure desired behaviour for the closed-loop system. To conshows the evolution of the poles for a control law calcuform with industrial criteria, a third-order characteristic lated in the central position and applied to other different polynomial with a dominant second order is chosen positions. All along the stroke, the imaginary part of the [3, 24] :
pole is negligible in comparison with the real part that leads to a step response without oscillation. Secondly the dynamic behaviour is nearly the same because for every
position of the piston the two complex poles are like one double real pole which stays nearly constant in every and position (see inset of Fig. 13 ). Thus these poles impose the dynamic behaviour because the third pole is in the t cl = 1 6v cl ratio of 6 or more.
Simple calculus leads to
Equations (17) and (21) show that the feedback gains depend on the position. Figure 12 shows these variations with position for a closed-loop dynamic calculated for each position with v cl ( y)=1.2v ol ( y). The gains used for the fixed gain control law are those calculated in the central position y C ; this corresponds to the smallest value of the cylinder natural pulsation [see equation (17)]. It is easy to show using the Routh-Hurwitz criterion that this choice assures the asymptotic The control law with scheduling gains is obtained by Table 2 and Fig. 14 show the main results. For example, on the extremity the improvement in time response cal-approximating in the least-squares sense the curves shown in Fig. 12 with a fourth-order polynomial func-culated between 10 and 90 per cent of the movement is about 40 per cent. It will of course be interesting to tion. Therefore the appropriate control law may be written in the form compare results for other different piston displacements.
Equilibrium values do not depend on the desired pos-5 TRACKING ition; thus ue( y d )=ue. This control law takes advantage of the natural characteristics of electropneumatic sys-5.1 Choice of admissible trajectories tems and leads to its best performances in a closed loop, Under the hypothesis that the servo-distributor spool owing to the higher natural system dynamic near the time displacement is negligible, the relative order of the cylinder ends. position output of the electropneumatic system is three. This means that there are 'three integrators' between the control input of the system and the output, which is the
Comparison of experimental results
cylinder piston position. Therefore it means that the elec-In order to compare the experimental results obtained tropneumatic system can only track position trajectories with the two different control laws, a kind of 'industrial at least three times differentiable. For example a polybenchmark' has been developed. Table 1 summarizes the nomial function of degree three satisfies this condition results obtained for fixed and scheduling gains for small but, to respect industrial necessity, the trajectory has movements around the central position and near the two been chosen with physical criteria, in terms of maximum extreme positions of the actuator. In each case the magvelocity, maximum acceleration and duration with a connitude of the movement is only 10 per cent of the total stant velocity or acceleration. Thus the trajectory correstroke. Therefore we can consider that the tangent linsponds to a constant piecewise time function for the jerk earized model is valid for every desired position. All tests (acceleration time derivative) and is generated by a triple presented in this table have been carried out 100 times integrator reference model. in the same conditions. In terms of repeatability, it is All results presented in this section have been obtained interesting to note that the standard deviation s is nearly for two different trajectories with the same movement independent of the position; a value of around 0.1 mm amplitude (90 per cent of the total stroke) and the same is obtained for the fixed gain control law and about 30 time displacement: 2.04 s ( Table 3 ). For the first trajecper cent less for the scheduling gains. tory, the velocity is constant for about 90 per cent of As explained in Section 4.1, the results obtained with the displacement time ( Fig. 15a) and, for the second the scheduling gain control law are more satisfactory trajectory, there is a constant acceleration phase (for than with the fixed gain control law, particularly in terms about 45 per cent of movement) and an equal constantof the displacement velocity near the cylinder ends, deceleration phase ( Fig. 15b ). which consequently have a satisfactory improvement.
These two kinds of trajectory are very often used in industrial processes. Many robots are controlled with a constant-velocity phase. This can be used in painting systems, for example. The limitation of acceleration and jerk is useful for positioning systems which carry delicate loads or dangerous liquids in containers (as in the chemical industry); it can be done with the second trajectory ( Fig. 15b) .
The choice of trajectory is also a problem of sizing; the control input must not reach its maximal value during tracking control. Using non-linear control theory, Richard and Scavarda [20] have shown that it is possible to calculate the theoretical control law associated with a given cylinder position tracking. Sesmat et al. [30] have proposed a procedure for verifying the servodistributor size; using the reduced inverse model, the servo-distributor control area is calculated and its value must have a value smaller than a chosen fraction of the nominal area. For the Servotronic servo-distributor this The second feedback enables the dynamic cancellation of tracking errors to be fixed. Static state feedback is chosen with fixed gains calculated with the same procedure as for point-to-point control but with v cl = 1.5v ol ( y c ):
=6v3 cl been neglected. To minimize the stiction phenomena, a boosting control is added during some sample times when the desired jerk becomes not null and the velocity 5.2 Principle of tracking control measured is close to zero. This term, denoted u boost , transmits the required energy to the system so that it In tracking control theory an appropriate feedback must can escape from the stiction friction. This method could transform the closed-loop system into the same as the be compared with current overshoot in power converter reference model, which is a triple integrator in our case, devices in order to improve switching. The principle of as seen in the previous section. Thus the first feedback this tracking control is summarized in Fig. 17 . transforms the system as
where
Linear tracking control
Using the principle described above, the linear control tracking [31] is synthesized with the tangent linearized 
The system is now equivalent to equation (23); then With the second feedback, the linear control applied to the electropneumatic system is
Non-linear tracking control
The electropneumatic model (7) is in the non-linear
A convenient way to linearize it for every position of the cylinder piston is to use the non-linear linearizing control law [27, 32] , which theoretically transforms the
D closed-loop system into two parts. The first part consists of a cascade of r integrators and the second is an unobservable subsystem of dimension n−r (r is the relative
order of the output and n is the system order), where (37) w=linearized system input L f h=Lie derivative of h along f which is given by It is important to note that L g L2 f h is always strictly positive. Therefore U has the same sign as −L3
where w is by definition also independent of U and L3 f h, according to equation (37). Consequently, the con-L g h=Lie derivative of h along g trol law is not implicit [this remark explains the choice r=characteristic number associated with the output of the function Q independent of U in the mass flowrate which is defined by equation (6) To prove complete asymptotic stability of the control these relations define a local diffeomorphism around an law, the stability of the internal dynamics will be studequilibrium state. In the new coordinates, the closedied. In this section, when the actuator stops (i.e. y= loop system becomes y stop , v=0 and U=U stop ), the asymptotic local stability of the equilibrium point of the internal dynamic dy dt =v is proved. The differential equation of p P is in the form dv dt =a dp Y( p) is always positive and Q( p) has a zero. Then In the single-input single-output case, the linearizing using the Lyapunov function V = 1 2 ( p P −pe P )2, the non-linear control is given by asymptotic stability of the equilibrium point pe P is easily proved. The same result may be obtained with
With the same feedback as for linear tracking and the and here it leads to the following control law: same boosting input u boost , the non-linear control applied to the electropneumatic system may be written as
H +u boost (39) Figure 19 shows the first non-linear feedback. 
Comparison of experimental results
and 0.02 m/s respectively with the second trajectory ( Fig. 15b ). After different tests, it was noticed that, to speak about For industrial processes, the most important criterion repeatability, 100 cycles are sufficient, because a is the repeatability of the results. That is why Table 4 Gaussian repartition of the results is obtained. All results summarizes in terms of repeatability the improvement are saved with a numerical recorder (Odyssey from due to the non-linear control law. We recall that for a Nicolet). The mean value, the standard deviation s and Gaussian distribution, 68.3 per cent of the results are the maximum and minimum values of the position and included between the mean value±standard deviation. velocity errors are calculated all along the trajectory.
Thus Table 4 presents the study of the mean tracking An example of the obtained results is shown in Figs 20 position error obtained with the two control laws for the and 21 for the trajectory with a constant velocity of two different desired trajectories of Fig. 15 . Fig. 15a in the case of movement during rod out. The For example, the improvement in terms of a position different curves correspond to a statistical analysis of error of 30 per cent in this table means that, in 90 per linear and non-linear tracking. The results give the cent of cases, the tracking position error calculated as reader a great deal of information during the piston the mean value is less than or equal to 4.18 mm throughtrajectory and the performance in terms of repeatability out the cycle in the case of the linear law and is less than is clearly pointed out. or equal to 2.91 mm with the non-linear control law; therefore the improvement is 30 per cent. The improve-5.5.1 Results analysis ment obtained with the use of the non-linear law is not very surprising since, for the synthesis, the non-linearities First it was noticed that both control laws lead to good of the flow stage mass flowrate are taken into account results with the two trajectories all along the cylinder by the approximation (6) . On the contrary, the use of stroke. The results are similar in steady state with the the tangent linearized model transforms the system in a two control laws; the steady state error is about 0.20 mm.
triple integrator (as the reference model ) for only one A detailed study of all curves shows the improvement position. obtained with the non-linear control law during dynamic For industrial applications, the complexity of nonphases with a constant velocity and constant-accelerlinear control will not be a problem in terms of the ation or constant-deceleration stages. An improvement numerical implementation. Nevertheless, the non-linear of at least 25 per cent can be seen in the maximum linearizing control law needs two supplementary pressposition and velocity error recorded with the non-linear ure sensors. Nowadays, however, this is not a financial control law. During the constant-velocity stage (trajecdifficulty. However, it is important to note that the linear tory in Fig. 15a ), the tracking position error is no more control is far easier and more rapid to synthesize. Thus, than 4 mm with the linear control law and less than it can be a solution in particular applications where less 3 mm with the non-linear control law. These two values precision is required. are equal to 8 and 6 mm respectively during constantacceleration or constant-deceleration stages.
The improvement due to the non-linear control law 6 CONCLUSIONS in terms of velocity tracking is even more appreciable. The greatest problem for this kind of system concerns State feedback controls with fixed and scheduling gains have been studied and the improvements obtained modelling the non-linearities of the servo-distributor mass flowrate. For the first time a mathematical approxi-with the scheduling gains in terms of repeatability and response time are quantified for a point-to-point dis-mation of the mass flowrate coming from experimental characterization has been presented and validated. This placement for different positions along the cylinder Fig. 21 Error in velocity stroke. Using tracking control for two kinds of trajec-results will be obtained for an adaptive algorithm, sliding control, H 2 robust control, fuzzy control, neural con-tory, a non-linear control law based on input-output linearization leads to better results, especially in terms trol, etc.? of repeatability, than a linear control law established with the tangent linearized model.
This quantified and structured comparison should be 
